In this study, the effects of squeeze casting process and T6 heat treatment on the microstructure and mechanical properties of 2017A aluminum alloy were investigated with scanning electron microscopy (SEM), energy dispersive X-ray spectrometry (EDS), differential scanning calorimetry (DSC), and microhardness and tensile tests. e results showed that this alloy contained α matrix, θ-Al 2 Cu, and other phases. Furthermore, the applied pressure and heat treatment refines the microstructure and improve the ultimate tensile strength (UTS) to 296 MPa and the microhardness to 106 HV with the pressure 90 MPa after ageing at 180°C for 6 h. With ageing temperature increasing to 320°C for 6 h, the strength of the alloy declines slightly to 27 MPa. en, the yield strength drops quickly when temperature reaches over 320°C. e high strength of the alloy in peak-aged condition is caused by a considerable amount of θ′ precipitates. e growth of θ′ precipitates and the generation of θ phase lead to a rapid drop of the strength when temperature is over 180°C.
Introduction
Due to their excellent mechanical and physical properties, Al-Cu cast alloys are used in automobile and military industries, aerospace, and in applications such as floor beams, engine pistons, wing box, covers, brake components, fuel tanks, slot tracks wheel, fittings, fuel systems, body skin connectors [1] [2] [3] .
However, the major problems in casting these alloys consist in their high tendency to form casting defects such as hot tearing, solidification shrinkage, porosity [2] , and their bad fluidity in conventional casting processes. ese problems have negative effects on the mechanical properties and have greatly limited the application of Al-Cu cast alloys. Nowadays, for improved alloy properties, the microstructure refinement of Al-Cu cast alloys has become an important research field because mechanical properties can be significantly enhanced by microstructure refinement.
Squeeze casting is one of the modern casting processes which have been invented to address these imperfections and has a high potential to produce sound castings. It is a metal-forming process which combines permanent mould casting with die forging into a single operation where molten metal is solidified under applied hydrostatic pressure [4] [5] [6] .
e process, which is suitable for shaping both cast and wrought alloys, improves product quality by pressurized solidification, which prevents the formation of shrinkage defects, retains dissolved gases in solution until freezing has completed, and has the priority to form the equiaxed grain structure [7, 8] . Many research works on the advantages of squeeze casting process have been discussed. Souissi et al. [9] have shown that squeeze casting caused the refinement of the microstructure and reduction in the dendrite arm spacing (DAS) of the cast structure possibly due to increasing the cooling rate of 2017A aluminum alloy. ey found that the gravity cast specimens have the lowest UTS compared with the squeeze cast specimens. However, the increase of UTS and YS is obvious at the 50 MPa and 100 MPa pressure. In the same way, Souissi et al. [10] have studied Al-13% Si alloy and found that the dendrite size of the alloy decreases with the increase of the squeezing pressure in the center and the edge of specimens. Maleki et al. [11] have investigated considerably the effects of squeeze casting parameters on the microstructure and mechanical properties of aluminum alloys.
Moreover, another method for improving the mechanical properties of the cast Al-Cu alloys is the heat treatment; the most used method for these alloys is the T6 heat treatment. A typical precipitation hardening treatment involves three steps: (1) the solution treatment that brings all the elements into solid solution state; (2) rapid quenching in order to avoid diffusion and to retain supersaturated solid solution at room temperature; and (3) ageing treatment to form fine precipitates by controlled decomposition of metastable supersaturated solid solution.
In this regard, Panuskova et al. [12] have investigated the effects of the heat treatment solution of Al-Si-Cu cast alloys on the microstructure of the alloy in three aspects, namely, the dissolution of coarse Al 2 Cu, homogenization of the microstructure, and improvement of eutectic silicon morphology (fragmentation, spheroidization, and coarsening). In addition, Barhoumi et al. [13] have studied the effect of the T6 heat treatment on Al 9 Si 3 Cu alloy that caused changes in the morphology of eutectic silicon, the Cu-rich, and Ferich phases. e eutectic is converted into fine spherodised Si-phases uniformly distributed in the aluminum matrix.
e dissolution of Cu-rich phases during heat treatment increases the concentration of Cu and other alloying elements (Mg and Si) in the aluminum matrix. In this regard, Muzaffer et al. [14] found that the ageing heat treatment mechanisms responsible for the strengthening effect are based on the formation of intermetallic phases during the decomposition of a metastable supersaturated solid solution obtained by solution treatment and quenching. us, the mechanical properties (UTS, YS, El%, and microhardness HV) of these alloys are influenced by the presence of precipitates.
In this work, the influence of pressure and T6 treatments with different ageing temperatures was carried out on cast aluminum alloy 2017A.
e microstructure and precipitation behavior obtained under different squeeze pressures and heat treatment conditions were also investigated to provide theoretical support for the evolution of strength.
is is to find the relationship between the microstructure of alloy and the mechanical properties under the peak ageing of various heat treatment conditions.
Experimental
e material investigated in this study is 2017A wrought aluminum alloy.
e material provides average tensile strength and good machinability. It is widely used in mechanical applications. e alloy is received as an extruded bar of 80 mm diameter. e chemical composition is presented in Table 1 , and it was analyzed by using an optical emission spectrometer (ICP-MS). e material was melted in an electric resistance furnace using a graphite crucible. Squeeze casting was performed using experimental setup as shown in Figure 1 .
e melt was poured into the die preheated to 250°C. e pressure was applied to the melt after pouring by using a 50-ton vertical hydraulic press using a ram until solidification was completed. e applied pressures were 0, 30, 60, and 90 MPa. e cast billets were cylindrical in shape with 23 mm in diameter and about 100 mm in height.
e casting was subjected to heat treatment T6 consisting of solution treatment and ageing treatment. Firstly, the temperature of homogenization treatment of the alloy was performed at 500°C for 8 h and then quenched into water at room temperature and ageing at 180°C for 6 h and 320°C at 6 h in order to further prove that the second phases were dissolved into the matrix after solution heat treatment. After heat treatment, samples were subjected to the microstructural and mechanical test; all samples for metallographic analysis were cut in the middle of the specimens. Metallographic samples were polished and then etched with the Keller solution for 10 seconds before rinsing with distilled water. For the specimens morphology, observations were performed by using an optical microscope LEICA DMLP with a digital camera JVC. A PHILIPS-XL30 ESEM scanning electron microscope (SEM) equipped with energy dispersive X-ray spectrometry (EDS) was used to quantitatively analyze the sizes of the intermetallic compounds and the α (Al) dendrite in the as-cast and heat-treated samples.
e intermetallic particles were identified by using X-ray diffraction analysis and differential scanning calorimetry (DSC) at a heating rate of 10°C/min.
To evaluate tensile tests on the specimens of the gravity die cast (0 MPa) and squeeze cast for each experimental condition, an INSTRON universal testing machine was used.
e tests were performed under displacement control with a strain rate starting at 1 mm/min. An extensometer (gage length of 14.3 mm) is attached with two rubber bands to the central part of the specimen. ree specimen samples were prepared.
A Micro-Vickers hardness analysis HV was performed employing a MEKTON Vickers Hardness Tester with a diamond pyramidal indenter. ree measurements were taken at randomly selected points with a load of 300 g applied for 30 s. Figure 2 shows the DSC analysis of the samples in di erent pressures, which exhibits three exothermic peaks (A, C, and D) and two endothermic peaks (B and E): peak A corresponds to the formation of Guinier-Preston (GP) zones, followed by an endothermic (peak B) in the interval [145-195°C] which corresponds to the formation of the θ″ phase (coherent precipitate). e larger exothermic (peak C) signi es the precipitation of the θ′ phase (semicoherent precipitate). However, the dissolution peak of the precipitates of peak C was not detected; this can be explained by the overlap of the peaks due to the rapidity of the transformations. A third exothermic (peak D), located in the temperature range 447-510°C, is related to the formation of the θ-Al 2 Cu phase.
Results and Discussion

Microstructural Characterization of As-Cast Alloy.
is is followed by a last and more intense endothermic (peak E) at the temperature range 510-560°C; it signi es the dissolution of the θ-Al 2 Cu phase [15] , and there is a slight displacement of the peak E, for diecast alloy under 90 MPa, at low temperatures.
is discrepancy can be explained by the increase in the temperature of the eutectic transformation under the e ect of the pressure [16] . e EDX qualitative analysis allowed us to identify the intermetallic phases. From the chemical composition of the alloy, and based on the results of Birol [17, 18] , the two phases are associated, respectively, with the two intermetallic compounds θ-Al 2 Cu and Al 12 (FeMnCu) 3 Si. However, it seems that the distribution of the θ-Al 2 Cu phase after the T6 heat treatment is strongly modi ed compared to the initial casting state. Indeed, its distribution becomes thinner and uniform at grain boundary levels as shown in Figure 3(b) .
e results of SEM are con rmed with X-ray di raction. Furthermore, XRD technique was utilized to help establish the results of the phase classi cation based on the metallographic study. e X-ray di raction spectra of 2017A alloy of the 90 MPa under squeeze pressure in the as-cast and heat treatment conditions are shown in Figure 4 . During heat treatment, no new phase was precipitated. Indeed, the precipitates (θ-Al 2 Cu and Al 12 (FeMnCu) 3 Si) as indicated by the XRD patterns already revealed by SEM are identi ed. Figure 5 displays the microstructure of the as-cast alloy prepared at di erent squeezing pressures. It is clear that the squeezing pressure has signi cant in uence on the microstructure of the alloy. e results show that the secondary dendrite arm spacing (SDAS) will be reduced to some extent when the squeeze pressure of 90 MPa is applied. In this study, it was found that microporosity was eliminated completely when the pressure was up to 60 MPa. Furthermore, the intermetallic phases in the alloy with no applied pressure are coarser than those under high squeezing pressure. Increasing the freezing point causes undercooling in the alloy that is already superheated. However, such change in freezing temperature with the increasing pressure is expected due to the reduction in interatomic distance and thus the restriction of atomic movement. e higher freezing point brings about the larger undercooling in the initially superheated alloy and thus elevates the nucleation frequency, resulting in a more ne-grained structure. Apart from the changes in undercooling of the molten alloy caused by applied pressure, greater cooling rates for the solidifying alloy can be realized due to reduction in the air gap between the alloy and the die wall and thus larger e ective contact area [9, 19, 20] .
As-Cast and Heat Treatment Microstructure.
is is because squeeze pressure plays an active role in the di usion of heat and thus enlarges the solidi cation rate. Obviously, the increase of undercooling degree and heattransfer coe cient will result in the re nement of the grain size of squeeze casting alloy. In addition, the increase in density of the alloy will be obtained due to reduction of microporosity [11] .
e microstructure for the heat-treated alloy (asquenched, aged at 6 h at 180°C and aged at 320°C) conditions is presented in Figure 6 . e microstructure reveals a signi cant di erence between gravity casting and 90 MPa pressure casting in the heat treatment conditions of the alloy. From these optical micrographs, we can notice that all the microstructures consist of equiaxial grains but are of homogeneous size compared with Figure 5 . We also distinguish the microstructure of the as-quenched sample (Figure 6(a) ). It shows that only α-Al matrix was observed because the intermetallic phases dissolved in the matrix after the homogenization treatment.
erefore, the alloy components were evenly distributed despite some residual participants at the grain boundaries [21] . Compared to the microstructure of different ageing conditions, it can be found that when the ageing temperature of microstructure is 180°C (Figures 6(c)  and 6(d) ), there are a large number of precipitation phase in the matrix. Indeed, the presence of the precipitates and alloying elements causes braking of the grain boundaries in migration.
e growth of precipitates is governed by the di usion of the solute atoms towards the germs, which are thermally activated. At the same time, these precipitates are evenly distributed. All this is bene cial to improve the mechanical properties of the alloy. In addition, when the ageing temperature is 180°C, the precipitates observed showed a higher volume fraction than that of the hardened and quenched alloy that has returned to 320°C. Compared to the microstructure of di erent ageing conditions, along with the ageing temperature increase, the quantity of the coarse equilibrium precipitates also increased. It is not conducive to improvement in the mechanical properties, which is consistent with other reported studies [22] [23] [24] .
E ect of Ageing Temperature on the Mechanical Properties.
e variation curves of the ageing microhardness of the alloy in various pressure levels are shown in Figure 7 . As can be seen from the curves, the peak microhardness increases at rst and then decreases as ageing temperature increases under the di erent pressures. e hardness peak is attained when ageing at 180°C for 6 h. e hardening achieved is attributed to the formation of GP zones and the precipitation of phase θ′ [17] . e 2017A aluminum alloy has now begun to nucleate heterogeneously on dislocations, as the homogenously nucleated GP zones have developed within the dislocation-free volumes of the alloy.
us, the microstructure was found to consist of a high density CuAl 2 (θ′) in the α-Al matrix [25, 26] . In this case, the dislocations will 
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shear these precipitates by destroying their order. Indeed, generally the precipitates oppose the phenomena of sliding, which explain the increase of microhardness. In ageing treatment at 210°C, the microhardness of the alloy increases rapidly to a peak in a shorter time. erefore, the second peak occurs, and with the extension of ageing time, the microhardness of the alloy declines due to overageing. Ageing of the test samples has been carried out at temperatures of 180°C. Every ageing temperature reached two peaks. is is called the "double peaks" phenomenon.
Between these two peaks, there is a remarkable decrease of microhardness. For temperatures above 320°C, the microhardness increases again. is increase is apparently related to high concentration of the solute atoms in the aluminum matrix. is can precipitate during cooling, which leads to high microhardness values.
Results of tensile tests for the samples in the as-cast state, as-quenched state, and di erent ageing time at 180°C and 320°C after the solution treatment at 500°C for 8 h are summarized in Figures 8 and 9 . As can be noticed from Figure 8 , the gravity cast specimens have the lowest ultimate tensile stress (UTS) and yield stress (YS) compared with samples when squeeze pressure from 90 MPa is applied. Evidently, the tensile properties of the alloy are obviously improved because of the application of pressure. Actually, the strength of the alloy can be in uenced by the grain size, the distribution, morphology as well as the intermetallic phases. e improvement of mechanical properties results essentially from the microstructure re nement produced by the squeeze pressure during solidi cation. Furthermore, an increase of applied pressure contributes to the increase in solidi cation temperature of the alloy, which brings undercooling in a superheated alloy and increases nucleation ratio in the melt, resulting in a ner grain size [27] [28] [29] [30] [31] .
e results of the heat treatment conditions showed higher values for tensile properties than the as-cast condition. For instance, in the case of this alloy, the ageing temperature at 180°C for 6 h leads to an increase in the YS and UTS of the squeeze cast samples from 107 to 218 MPa and 215 to 296 MPa, respectively. Also, an obvious improvement in elongation compared with the values in the asquenched state and ageing temperature was observed at 320°C at 6 h. is variation is associated with the homogenization of solute atoms and the variation of the dissolution of intermetallics. After ageing treatment, due to the precipitation of nanosize phases, the strength especially (YS) is signi cantly improved and the elongation decreases. Furthermore, the e ect of microstructural coarseness on the mechanical properties is re ected by comparing the tensile properties of each step. In fact, the tensile properties vary as a function of the morphology and the size of the microstructural constituents as well as porosity. e present results are con rmed by Barhoumi et al. [32] , Tao et al. [21] , and Jahangiri et al. [33] . As a result, the research con rmed that squeeze casting technique and the T6 heat treatment with ageing at 180°C at 6h has the potential to enhance the quality of casted parts.
Conclusion
e following conclusions are established for e ect of applied pressure and ageing treatments on microstructure and the mechanical properties of squeeze casting 2017A alloy:
(1) e di erential calorimetric study shows us the transformations of the di erent phases dissolved in the α-Al matrix. e results have shown that the application of pressure (90 MPa) has a signi cant e ect on the morphology of the phases. On the other hand, the morphology of T6 heat treatment varies remarkably according to the ageing temperature. (2) e microstructure was altered with the ageing treatment. Also, it was observed that the precipitate phases dispersed denser in structure with the increasing of the ageing temperature. In fact, the precipitates observed show a higher volume fraction in ageing at 180°C than as-quenched conditions and ageing at 320°C. ese results are validated by tensile tests that are in good agreement with the results of microhardness and optical microstructure.
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